Introduction
Hypergl ycemia in the hospitalized patient with critical illness has been linked to increased morbidity and mortality. 1, 2 However, prospective interventional studies designed to examine the effects of intensive versus conventional glucose control in critically ill patients in the intensive care units (ICU) have provided conflicting results. [3] [4] [5] [6] As a result, a firm evidence-based consensus regarding optimal glycemic target in the critically ill continues to be elusive and controversial, at least in part related to risk of hypoglycemia. The meta-analyses by Griesdale and colleagues 7 suggested that, although intensive insulin therapy significantly increased the risk of hypoglycemia and conferred no overall mortality benefit among critically ill patients (both medical and surgical ICU together), this approach was beneficial for those in the surgical ICU. 6 The current guidelines by the American Association of Clinical Endocrinologists and the American Diabetes Association recommend a target glucose level of 140-180 mg/dl with treatment threshold of 180 mg/dl in ICU patients. 8 Severe hypoglycemia (glucose <40 mg/dl) in the ICU patient has been shown to be an independent risk factor for increased morbidity and mortality. 5, 6, 9 Single and multicenter clinical trials have examined the safety and efficacy of unique insulin infusion protocols in medical and surgical ICUs. 3, 5, 6 Such trials, while achieving their desired glucose goals, have been fraught with increased frequency of severe hypoglycemia (<40 mg/dl). Furthermore, the role of moderate hypoglycemia (arbitrarily defined here as glucose values 40-60 mg/dl) on morbidity has been largely ignored, especially in the landmark Leuven studies. 5, 6 A report highlighting the relevance of glucose values <80 mg/dl in the critically ill underscores the importance of preventing hypoglycemia in this patient population. 9 The purpose of our observational, retrospective, qualityimprovement project was to determine the efficacy and safety of a nurse-driven, insulin infusion protocol before and after modification of the protocol following publication of the NICE-SUGAR (Normoglycemia in Intensive Care Evaluation and Survival Using Glucose Algorithm Regulation) study. 3 Our hypothesis was that the modified Mayo ICU insulin infusion protocol (protocol B) would reduce the rates of severe hypoglycemia without compromising glycemic control when compared with protocol A. As per institutional review board guidelines, because this was a qualityimprovement project, this study was deemed exempt from Mayo institutional review board approval.
Patients and Methods

Study Design
We first performed a retrospective, descriptive analysis of our nurse-driven Mayo insulin infusion protocol with a glycemic target of 80-130 mg/dl (protocol A) in one medical and two surgical ICUs. In the light of published NICE-SUGAR data, an amended protocol was designed with a modified glycemic target of 110-150 mg/dl (protocol B). The insulin infusion protocol was activated if blood glucose was greater than 130 mg/dl in protocol A and greater than 150 mg/dl in protocol B at entry into the ICUs.
Glucose Measurement
Hourly blood glucose measurements were retrieved from the electronic database for the months of February 2009 (protocol A) and May 2010 (protocol B) for one medical and two surgical ICUs (general surgery and cardiothoracic surgery) on patients who were on the insulin infusion protocols. Hourly point-of-care arterial blood glucose was measured and recorded as per protocol using Roche Accu-Chek Inform ® glucose meters. Interassay precision for the glucose meters across the institution was 4% to 6%. 10 Daily quality controls were maintained, and testing was performed by laboratory personnel. All glucose values greater than 400 mg/dl or lower than 40 mg/dl obtained from glucose meters were verified with plasma glucose checks, wherever possible, performed in the laboratory. All meter glucose data were automatically downloaded into the laboratory information system. To avoid errors, all data were uploaded electronically, and manual data entry was not performed. The performance of protocol A was compared with protocol B in terms of glucose target achieved and hypoglycemia rates.
Hypoglycemia and Median Time to Goal
Severe hypoglycemia was defined as blood glucose <40 mg/dl and moderate hypoglycemia as blood glucose 40-60 mg/dl. Time to reach glycemic goal was calculated from the first glucose value outside the target range to the first glucose value within the target range. Median time to achieve glycemic goal, median glucose concentration, and moderate and severe hypoglycemic events were compared between protocols A and B and across medical and surgical ICUs in the two protocols. Each hypoglycemic event was analyzed for infusion protocol deviations, influence of concurrent medications, reason for hospitalization, and comorbidities. Protocol violation was defined as delayed or missed hourly glucose, delay in changing insulin infusion rate, and incorrect infusion rate.
Primary outcome measures were rates of moderate and severe hypoglycemia. Secondary outcome measures were glycemic control and causes of hypoglycemia that occurred.
Statistical Analysis
Median glucose concentrations and median times to achieve goal blood glucose in surgical and medical ICUs were compared in the same protocol as well as across the two protocols using the Wilcoxon test. Due to the skewed distribution of glucose values, glucose values of surgical and medical ICUs were also compared after log transformation using Student's t-test. Severe and moderate hypoglycemic events were compared using two-tail Fisher test between two protocols in total cohort as well as across the medical and surgical ICUs. All statistical analyses were performed using JMP 8 software (SAS Institute, Carey, NC). 
Results
Subject characteristics are shown in Table 1 . Study cohorts in protocol A were comparable to that in protocol B in both medical and surgical ICUs in terms of age, gender, number of subjects, and type of diabetes. The study cohort in protocol A comprised 208 patients, of which 44 (male:female = 23:21) were from medical ICU and 164 were from combined surgical ICUs (general surgery 121, male:female = 84:37; cardiovascular surgery 43, male: female=29:14). In the medical ICU, 39% of patients had type 2 diabetes mellitus (T2DM) and 2% had type 1 diabetes mellitus (T1DM), while in surgical ICUs, 21% had T2DM and 2% had T1DM.
The study cohort in protocol B comprised 211 patients, of which 44 patients (male:female = 28:16) were from medical ICU and 167 patients were from the combined surgical ICUs (general surgery 146, male:female = 86:60; cardiovascular surgery 21, male:female = 14:7). In the medical ICU, 50% of patients had T2DM and 2% had T1DM, while in surgical ICUs, 20% had T2DM and 1% had T1DM.
Protocol A
In medical and surgical ICUs combined, median glucose was 118.5 mg/dl (range: 23-600 mg/dl) and time to goal was 2 h 47 min. Severe hypoglycemia occurred in 1.4% (3/208; 4 episodes) of the patients, while moderate hypoglycemia occurred in 7.2% (15/208; 17 episodes) of the patients ( Table 2) .
Of importance, median time to hypoglycemia (<60 mg/dl) from the start of insulin infusion in the medical ICU was 23 h 24 min (range: 3 h 2 min to 174 h 1 min), in the general surgical ICU was 31 h 55 min (range: 2 h 18 min to 333 h 48 min), and in the cardiothoracic ICU was 4 h 30 min (range: 3 h 53 min to 24 h 52 min). Hence there was a wide variability in the onset of hypoglycemia among the ICUs, likely precluding analyses of causal issues related to the implementation of infusion protocols in specific ICUs.
In the medical ICU, median glucose was 120 mg/dl (range: 36-600 mg/dl) and time to goal was 2 h 55 min ( Table 2 ). In the combined surgical ICUs, median glucose was 118.5 mg/dl (range: 23-550 mg/dl) and median time to goal was 2 h 46 min ( Table 2 ). There was no significant difference in median glucose values (p = .65) and time to achieve glycemic goal (p = .78) between medical ICU and combined surgical ICU.
In the medical ICU, 2.3% of patients (n = 1/44; 1 episode) had severe hypoglycemia and 13.6% (n = 6/44; 7 episodes) had moderate hypoglycemia ( Table 2) . In surgical ICUs, 1.2% of patients (n = 2/164; 3 episodes) had severe hypoglycemia and 5.4% (n = 9/164; 10 episodes) had moderate hypoglycemia ( Table 2) . Further analyses of all causes of hypoglycemia revealed protocol violations in 86% (18/21; 4/21 episodes were due to missed hourly glucose values and 14/21 episodes were due to incorrect insulin infusion rates that resulted from not changing the insulin infusion rates based on prevailing glucose concentrations) of the episodes. The remaining 14% (3/21) episodes occurred despite patients having hourly glucose values and adherence to protocol insulin infusion rates. Of 16 patients with hypoglycemia, 7 had T2DM (39%) and 1 had T1DM (6.3%). 
Protocol B
In the combined medical and surgical ICUs, median glucose was 132 mg/dl (range: 53-590 mg/dl) and time to goal was 2 h 4 min. There was no severe hypoglycemia, while only one patient had a single episode of moderate hypoglycemia (n = 1/211; one episode; Table 2 ).
In the medical ICU, median glucose was 136 mg/dl (range: 53-590 mg/dl) and time to goal was 1 h 22 min ( Table 2 ). In the combined surgical ICUs, median glucose was 131 mg/dl (range: 62-300 mg/dl) and median time to goal was 2 h 5 min ( Table 2 ). There was no significant difference in median glucose values (p = .7) and time to achieve glycemic goal (p = .87) between medical ICU and combined surgical ICUs.
There were no episodes of severe hypoglycemia in either medical or combined surgical ICUs, with one episode of moderate hypoglycemia (53 mg/dl) in the medical ICU.
The patient with moderate hypoglycemia had T1DM, and hypoglycemia occurred despite having hourly glucose values and adherence to protocol insulin infusion rates.
In the medical ICU, no significant reduction in moderate (p = .06) as well as severe (p = 1.0) hypoglycemia was noted when switched from protocol A to B ( Table 2) . In contrast, in surgical ICUs, significant reduction in moderate hypoglycemia was observed (p = .001) without any change in severe hypoglycemia (p = .12) when switched from protocol A to B ( Table 2) . Similarly significant decrease in moderate hypoglycemia was noted in protocol B when compared with protocol A for combined medical and surgical ICUs (p < .001), but severe hypoglycemia was not different across the two protocols (p = .06; Table 2 ). However, it is likely that low rates of hypoglycemia during protocol B precludes reliable interpretation of differences in hypoglycemia rates between the two protocols.
As shown in Figure 1 , the median time to achieve glucose goal was slightly but significantly lower for protocol B than protocol A (p < .001).
Discussion
Commonly observed stress hyperglycemia was considered as an adaptive beneficial response in critically ill hospitalized patients in the 20th century. 11 There has been accumulating evidence demonstrating that even modest hyperglycemia is an important risk factor in terms of mortality and morbidity in critically ill patients with, e.g., myocardial infarction, stroke, traumatic brain injury, or sepsis. 12 In 2001, Van Den Berghe and associates 6 reported that intensive glucose control reduced morbidity and mortality in critically ill patients in the surgical ICU. However, this result may need to be considered in the context of possible overfeeding of these patients. When this study design was reproduced in the setting of a medical ICU, the same authors found that intensive glucose control significantly reduced morbidity but not mortality in selected patients only (i.e., those in ICU beyond 3 days). 12 Subsequently, several large multicenter studies could not confirm the survival benefit of intensive glycemic control in both medical and surgical ICUs.
3,4,13,14 Table 3 compiles the target glucose concentrations, achieved glucose concentrations, and rates of severe hypoglycemia obtained in several large clinical trials and compares those with our results obtained from both protocol A and protocol B.
The VISEP (Volume Substitution and Insulin Therapy in Severe Sepsis) and GLUCONTROL (Glucose Control Regimens by Insulin in Intensive Care Unit Patients) studies were stopped prematurely, as intensive insulin therapy was associated with a significantly increased rate of severe hypoglycemic events 4, 13 ( Table 3) . The NICE-SUGAR results showed that a glucose target of 140-180 mg/dl resulted in lower mortality and hypoglycemic events than a target of 81-108 mg/dl. On the other hand, severe hypoglycemia was also shown to be an independent risk factor for mortality in the surgical ICU study by Van den Berghe and associates. 6 Furthermore, studies report that even mild or moderate hypoglycemia is an independent predictor of hospital mortality.
Considering the high rates of hypoglycemia reported with tight glycemic goals in critically ill patients in previous studies and lack of survival benefit, our initial insulin infusion protocol (protocol A) was designed to lower the rates of hypoglycemia while retaining the benefits of reasonable glucose control using the glucose target of 80-130 mg/dl (instead of 80-110 mg/dl, as chosen in the Leuven studies). With protocol A, median glucose value in the medical and surgical ICUs (120 and 118 mg/dl, respectively) were higher than reported by Van den Berghe and associates. 5, 6 Time taken to achieve glycemic goal was not different between medical and combined surgical ICUs. Following publication of the NICE-SUGAR study, we modified the target glucose goal in critically ill to 110-150 mg/dl and designed a modified protocol B. We then examined the glucose parameters in the same ICUs where the original data set was collected and compared the results obtained from protocol B with protocol A. As anticipated, we found that, with protocol B, median glucose achieved in the medical ICU was 136 mg/dl and in the surgical ICU was 131 mg/dl; median glucose for the combined ICUs was 132 mg/dl. The rate of severe hypoglycemia was abolished to 0%.
Severe hypoglycemic events in combined medical and surgical ICUs using protocol A was much lower than previous reports. 3, 6, 12 Similarly, with protocol A, severe hypoglycemic events in medical and surgical ICUs were lower than previous similar reports when compared separately as per the type of ICU. 4, 5 We also report here rates of moderate hypoglycemia (7.7% in combined medical and surgical ICUs during protocol A that have been hitherto unreported in prior large clinical trials. With the use of protocol B, while severe hypoglycemic events were reduced to zero, moderate hypoglycemia was reduced to a single episode. This patient had T1DM with multiple comorbidities (hypothyroidism, stroke, and pneumonia) and was admitted to the medical ICU. Since there is evidence that even mild to moderate hypoglycemia is associated with increased hospital mortality, it is important to keep track of these episodes and take measures to mitigate both moderate and severe hypoglycemia without compromising glycemic control. 9 The current study represents part of a quality-improvement project within our institution. Hence we report here a purely descriptive analysis and attempt to explore the frequency and possible reasons that may have led to hypoglycemia in our cohort. Patient-important outcome data from a larger cohort will need to be analyzed to determine the short-and long-term clinical impact of our achieved level of glycemic control. 
Limitations of the Study
In this study, we have defined target glucose for moderate hypoglycemia as less than 60 mg/dl. However, the concerning evidence of adverse outcomes at blood glucose below 80 mg/dl suggests that it would be more meaningful to also include these patients. 9 Unavailability of Acute Physiology and Chronic Health Evaluation or Simplified Acute Physiology Score predictive data in every patient precludes us to comment on risk factors associated with hypoglycemia. We do not have any data for nursing time required to utilize the two protocols. Severe hypoglycemia was occasionally not confirmed with plasma glucose confirmatory checks prior to initiating measures to treat the patient, as the delay required to do so would have been unsafe for these critically ill patients. Furthermore, although reflectance meters utilized to measure arterial blood glucose values in our ICUs were quality checked, these meters are likely less accurate than laboratory-derived values (the latter are timeconsuming). Clearly, more precise real-time methods to measure bedside glucose values in the ICU are critical in our quest to implement safe and effective glucose control in the critically ill.
The study data were obtained as a part of a qualityimprovement project, and due to limited resources, the data analyzed were limited and adequate sample size and power calculations were not feasible. We are in the process of acquiring further resources to expand the scope of the study and obtain data regarding patient outcomes.
